Background Numerous studies have suggested an inverse relationship between drinking water hardness and cardiovascular disease. However, the weight of evidence is insufficient for the WHO to implement a health-based guideline for water hardness. This study followed WHO recommendations to assess the feasibility of using ecological time series data from areas exposed to step changes in water hardness to investigate this issue.
Introduction
It is 50 years since the first articles suggesting an inverse relationship between drinking water hardness and cardiovascular disease were published. 1, 2 A recent review of these ecological studies reported that the majority found an inverse (i.e. protective) association between cardiovascular disease mortality and high water hardness, calcium and magnesium levels, but that the results are inconsistent between studies. 3 A recent meta-analysis focussing upon casecontrol studies, demonstrated a negative association between magnesium concentrations and cardiovascular mortality. 4 In addition, somewhat stronger evidence has emerged from dietary, in-vitro, and animal studies indicating the importance of magnesium to cardiovascular mortality. 3 Nevertheless, the weight of evidence is insufficient for the World Health Organisation (WHO) to implement a health based guideline for water hardness, calcium or magnesium. 5, 6 Rising populations, changing economic activity and climate change are leading to unprecedented requirements for drinking water in many areas. 7 Responses to this include the development of new surface and groundwater supplies and desalination. Additionally water authorities may change supplies for operational or environmental reasons. All these change the mineral composition of drinking water and it is imperative that public health practitioners understand the health consequences of these. If associations between cardiovascular disease and water hardness exist then the public health benefits of any subsequent interventions could be significant as cardiovascular disease is the leading cause of death in many developed countries. WHO 6 has recommended ecological studies of cardiovascular mortality rates in populations exposed to step changes in drinking water hardness through natural experiments (e.g. a water supply changing from a hard groundwater to a softer river source) as the preferred method of providing more definitive evidence on whether a link between cardiovascular mortality and water hardness exists. Such a study is presented in this article and aims to: † Investigate associations between cardiovascular mortality and levels of water hardness, calcium or magnesium, using time series data of populations experiencing a change in drinking water. † Provide methodological recommendations for groups attempting similar studies.
Material and methods

Identification of change areas
The England and Wales drinking water regulator identified 37 areas where changes in drinking water hardness occurred between 1981 and 2005. The water companies responsible for these areas were then contacted to obtain the exact date of change, maps of the affected areas and water quality monitoring data (total hardness, calcium and magnesium) before and after the change. From this original list, 23 areas were excluded. Seven were removed because, after several follow ups, no information was supplied by the company. A further seven were removed as an analysis of the water quality monitoring data did not reveal any evidence of a step change occurring. Seven more were excluded as the population in the change area was less than 3000. Based upon national cardiovascular rates, these areas would have an average of less than one death per month from cardiovascular disease and an analysis of such areas would not be statistically robust. Finally, two areas were removed as the water company was not able to provide maps of the area affected. The study proceeded with 14 change areas. The boundaries of these were input into a Geographical Information System. To aid the matching of these outlines to demographic data, each change area was designed to consist of aggregates of 1991 census enumeration districts.
Dependent variable: cardiovascular mortality
Within each change area monthly mortality counts, subdivided by gender and age (,50, 51 -64, 65-74 and 75þ), were obtained between 1981 and 2005 from the Office for National Statistics. The principal outcome of interest for this study was cardiovascular mortality (ICD10: I10 -I15, I21 -I25, I60 -I69, G45, I70, I44, I45 and I47 -I49). As illustration, Fig. 1 shows monthly cardiovascular mortality for males aged 50 -64 from 1981 to 2005 from the area with the largest population (total population 1 million). In 1986 an increase in water hardness from 18 to 46 mg/l occurred. Fig. 1 exhibits large intra-and inter-annual variations in mortality. These may be due to a number of factors. It is important to control for these to ensure they do not confound any relationship between water hardness and mortality.
Independent variables
Within each change area the population in each age and sex group will vary over time. However, accurate population data for these areas are only available every 10 years from the national population census. These data were extracted for each change area.
Ambient temperature is associated with cardiovascular mortality 8, 9 and higher mortality is observed at increasing extremes of low and high temperatures. 10 There is also evidence that the impact of temperature upon mortality is lagged by up to a month. 11 For each change area the temperature for each month between 1981 and 2005 was obtained from the nearest weather station. Flu is known to be associated with cardiovascular mortality. A major flu epidemic occurred nationally in December 1989 so an indicator variable for flu was created. Finally a water hardness indicator variable was created to define months before and after the change in water hardness. Where the change in water hardness occurred over several months an additional indicator variable was created for the transition period.
Other factors such as diet and smoking affect cardiovascular mortality over time but such data are not available for small areas. However, changes in these factors are likely to be gradual and any effects hence incorporated into the smooth trend in cardiovascular mortality. The impact of a change in water hardness is likely to produce a stepped effect in the mortality data. This assertion is justified by evidence that the relationship between water hardness and cardiovascular mortality may be due to an increased risk of arrhythmias (which therefore lead to an acute event). 4 
Statistical analysis
In England and Wales cardiovascular mortality has exhibited a non-linear downward trend between 1981 and 2005. 12 To investigate the possible impact of step changes in water hardness upon cardiovascular mortality, it was important to control for this. However, although figures on the national trend by age/sex are readily available they could not be applied to our data because the trend varies between regions 13 and may also vary over smaller geographical areas. We considered two approaches to this.
Approach 1: change area acts as its own control
Our main approach assumes that any trend in mortality is smooth, whereas any effect due to a water hardness change is almost immediate (i.e. stepped). Monthly cardiovascular mortality counts were modelled using linear or Poisson regression. The water hardness indicator variables, a quadratic time trend, the flu indicator variable, the monthly mean temperature variable and its square were included as independent variables. The quadratic time trend variable is assumed to encompass the downward trend in cardiovascular mortality and changes in population.
If the average monthly mortality count over the whole period of the study was low (,50 per month) a Poisson regression of log mortality counts, with the number of days per month as an offset, was performed. For series with higher average counts (50), or where suggested by an inadequate Poisson model fit, a linear regression was fitted with log counts/month as the dependent variable.
The Poisson model fits were evaluated by the x 2 goodness of fit test. If over-dispersion was indicated a negative binomial model was fitted, but this always produced similar results to the Poisson regression. Plots of standardized residuals and their autocorrelations were used to assess the suitability of the model. All linear regressions were assessed for normality using quantile -quantile (Q -Q) plots. Several series had significant autocorrelations at lag 1 in which case an autoregressive coefficient was included in the model. In all cases this made little change to the estimate of the water hardness effect, although it usually resulted in a slightly wider confidence interval. All analyses were conducted using STATA S.E. 8.0.
Approach 2: using control areas
For sensitivity, an alternative approach was adopted. This used data from a nearby area to control for the trend in the change area. As well as controlling for the long-term trend, this has the benefit of potentially controlling for factors such as smoking rates and diet which are assumed to show similar trends in the control areas. 
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Control areas were delineated that were geographically proximal to the change area, with a similar size and population density. These areas did not exhibit any step changes in drinking water hardness. Within these control areas, mortality and population data were extracted in an identical manner to the step change areas. For every area monthly population data were obtained by linearly interpolating the population between the decennial censuses.
The log of the ratio of the rate of cardiovascular mortality in the case area to the corresponding rate in the control area (i.e. the log of the relative risk between case and control areas) was regressed onto the water hardness indicator variable. The resulting coefficient of water hardness provides an estimate of the risk ratio after the water hardness change compared with before, adjusted for the factors assumed common to both series. Although this appears to surmount the problem of adjusting for trend, the risk ratio cannot be calculated when there are zero mortality counts in the control series and so the method can only be applied to the larger areas. An alternative for smaller areas, is to aggregate the monthly mortality data to annual data and focus the analysis on the two subgroups with the highest mortality rates, individuals between 65 and 74 and over-75. This overcomes the problem of zero mortality counts. Table 1 summarises the characteristics of the 14 study areas. The absolute changes in the drinking water parameters (total hardness, calcium and magnesium) are provided together with the pre-and post-concentrations and the percentage change. The table also displays the date of change, the reason for the change and an estimated population.
Results
Approach 1
The relative risk of mortality after, compared with before, the water hardness change is presented for all the study areas in Table 2 for deaths amongst males and females in the 65 -74 and the 75þ age groups. These were highly varied with generally wide 95% confidence intervals. Roughly 95% of the confidence intervals included 1 providing no evidence of an effect due to the water hardness change. In this article, we have chosen to focus upon the results from the 65-74 and 75þ age groups, as they had the highest rates of cardiovascular mortality. However, similar non-significant results were produced when the other age groups (,50 and 50 -64) were examined, and additionally when all age mortality was considered. Relative risks were combined for areas experiencing an increase/ decrease in water hardness, calcium and magnesium, but again approximately 95% of the confidence intervals included 1. Finally, we examined a variety of time lags between mortality and the independent variables but again non-significant results were produced.
Approach 2
The results of the monthly time series, for the ratio of mortality between the case and control areas, are presented in Table 3 for the two areas with the largest populations (E and F). This presents no evidence of any association between changes in drinking water hardness, calcium or magnesium and cardiovascular mortality. The same results, aggregating the mortality counts to annual data, are presented for all areas in Table 4 . No evidence of a relationship with cardiovascular mortality emerges. A notable feature of Table 4 is the wide confidence intervals reflecting the low number of annual observations within each time series.
Discussion Main finding of this study
This study found no evidence of an association between changes in water hardness, calcium or magnesium and cardiovascular mortality. This result was consistent across different age groups and genders and between the two statistical approaches used.
In England and Wales fewer areas than anticipated experienced a step change in water hardness between 1981 and 2005. Only 14 such areas were suitable for inclusion in the study and many of these had relatively small populations (10 from 14 change areas had populations under 50 000). The 14 areas showed reasonable changes in water hardness with four experiencing a change of ,50 mg/l, four experiencing a change between 50 and 100 mg/l and six experiencing a change .100 mg/l. The calcium changes were reasonable in magnitude with three areas experiencing a change .50 mg/l, a further three between 25 and 50 mg/l and the others changes ,25 mg/l. For magnesium the changes were modest with nine areas demonstrating a change ,5 mg/l and only two areas having a change .10 mg/l. The two areas that experienced a major step change in magnesium had relatively small populations. Therefore this study had a good sample of areas with changes in water hardness and calcium but the magnesium changes were less well represented.
Consequently these findings give further confirmation of the conclusions of our earlier article on the lack of an association between cardiovascular mortality and either water hardness or calcium concentrations. 4 However, the lack of areas with large populations and reasonable changes in magnesium precludes definitive conclusions about the impact of magnesium.
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Limitations of this study and recommendations
The ecological time series approach adopted in this study was advocated by the WHO. 6 Our experiences lead us to make the following observations about the viability of such an approach.
A traditional cross-sectional ecological study would compare cardiovascular outcomes between different locations and test whether the pattern is explained by differences in water hardness once other factors (e.g. smoking) have been controlled for. Failure to adequately control for these other factors is a common criticism of such studies. The main advantage of this ecological time series study is that confounding will not be a problem unless the step change in water hardness occurs concurrently with a sudden change in another risk factor, a less likely occurrence.
However, one problem with our approach is that it assumes that the changes in cardiovascular mortality will be stepped. If they occur in a more gradual manner over several years then separating the cardiovascular mortality trend from other long term changes in incidence will be problematic especially in Approach 1 where the long term trend is controlled for.
Additionally, finding suitable study areas is not straightforward. In England and Wales there were a limited number of Significant results (P , 0.05) in bold.
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areas where large populations experienced step changes in water hardness. This was especially problematic for magnesium, the cation for which the strongest evidence of an association exists. This is unsurprising as high magnesium levels often occur in groundwater which by implication usually deliver water to relatively small populations. Therefore, identifying large populations experiencing significant magnesium changes was unlikely. We also uncovered several areas where the changes in water hardness occurred in a gradual fashion, making separation from other long term mortality trends difficult.
Once the change areas have been identified significant resources are required to delineate the affected areas and verify the change using water quality monitoring data. Much of this occurs because we were investigating changes that occurred up to 25 years ago. Within these areas accurate data on cardiovascular mortality is critical. England and Wales are fortunate to have individually grid referenced mortality data since 1981. Such data may not exist elsewhere. Within the change areas it would have been preferable to have accurate monthly or annual population data but such information is frequently unavailable. Consequently mortality rates can only be approximate, which decreases the reliability of the data. In this study, we were able to model more accurate annual population data for area E. This was based upon the published mid-year population estimates, and then applying population adjustments proportionately to unit postcode populations, although taking account of new postcodes (often new builds) and deleted or obsolete postcodes. However, these better data had a negligible impact upon the results.
For recommendations, the next issue to consider is the sample size in terms of length of time series and the population size in the change areas required for future studies. There are a number of issues to consider, the first being the magnitude of the expected effect and the only other study to have used a broadly similar approach found a water hardness risk ratio of 1.06.
14 Several factors affect the sample size required to detect this with a particular power. First the sample size increases with the error variance of the model. Larger populations are expected to have less fluctuation in mortality counts and hence require lower sample size. Additionally, the point in the series at which the change occurs is important: nearer half way through decreases the sample size if there is no underlying trend but makes it harder to separate any water hardness effect from a trend effect. Consequently we can show that a change between a third and fifth of the way along the series will lead to the lowest sample size. For example, for the larger series in Approach 1 (.500 000 people) a typical residual mean square error from the regression (an estimate of the error variance) was 0.01. If the change occurred half way though, then a series of 300 monthly observations (i.e. 25 years) has power of 81% to detect a coefficient of 0.06. Approach 2 eliminates an assumed common trend by modelling the ratio of mortality rates in matched change and control areas but was sufficiently powered only for the larger population areas.
All our power calculations are based on detection of a risk ratio of 1.06.
14 If the true risk ratio is closer to one, this will be more difficult to detect. Another possibility to overcome this problem is to combine the results from a number of areas experiencing a step change in water hardness as was tried in this study. This too, did not result in any significant results and raises issues about how different areas are combined.
Conclusions
This study investigated the association between water hardness, calcium or magnesium and cardiovascular mortality using time series data from areas of England and Wales experiencing a step change in water hardness. No evidence was found of such an association though the lack of areas with large populations and a reasonable change in magnesium level precludes a definitive conclusion about the impact of this cation.
Although the time series approach used was suggested by WHO, 6 several significant problems were encountered. First, fewer areas than expected exhibited a step change in water hardness and this was especially problematic for changes in magnesium which usually affected small populations. Additionally, verifying the changes, delineating the area affected and obtaining the mortality data proved to be resource intensive. Furthermore, the mortality data exhibit a large amount of intra-and inter-annual variability making the detection of a step change problematic. Controlling for this variability proved difficult especially due to the lack of annual population data for the change areas. All these problems increase the variability of the data and hence decrease the likelihood that the study detects an effect if it exists. Calculations for both the main methods used suggest that with 25 years of data, only the areas with larger populations have adequate power to detect the risk ratio of 1.06 suggested by previous research.
In the light of this experience an individual level study, involving only those who are magnesium/calcium deficient, and hence more susceptible to water hardness changes, may be more appropriate. Although large cohort studies may provide such an opportunity few collect information on drinking water consumption.
